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A method and an apparatus for plasma treatment of gas, 
particularly for transformation, passivation and stabilization of 
polluting and toxic admixtores and for applications of plasma 
treated ps in plasma treatment of surfaces at gas pressures 
exceeding 100 Torr are disclosed. A flowing gas (1) to be 
treated is passed through a hollow cathode (2) provided with a 
counter electrode (5) and a hollow cathode discharge plasma (3) 
is generated by a generator (4) connected to the hollow cathode 
(2), The flowing gas (I) undergoes interactions with oscillating 
electrons (6) in the hollow cafliode discharge plasma being 
generated in the gas. The interaction of the hollow cathode 
discharge plasma with inner walls (8) of the hollow cathode 
is controlled and the inner walls should have a temperature 
below its melting point, whereby the inner walls can provide 
a catalytic effect The inner walls may also release wall 
species (9) promoting plasma-chemical reactions in the hollow 
cathode discharge plasma. The flowing gas is then exhausted 
as a transformed gas (10) after being treated in the hollow 
cathode discharge plasma and may also be used for treatment 
of smfaccs. A gas to be treated may also be mixed wifli 
an auxiliaty gas (7) for obtaining a suitable mixing of gas, 
whereby the auxiliary gas intensifies an ultraviolet radiation 
and/or plasma-chemical reactions. 
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METHOD AND APPARATUSES FOR PLASMA TREATMEHT 

FIELD OF THE INVENTION 
The present invention relates to an apparatus for plasma treatment at gas 
pressures exceeding 100 Torr, particularly for plasma treatment of gas such 
as transformation, passivation and stabilization of poUuting and toxic 
admixtures or treatment of surfaces such as functionalization, activation, 
disinfecting, sterilization, diying, etching or cleaning the surfaces and 
activated deposition of films. 

BACKGROUND 

The treatment of different solid, Uquid and gas wastes and hazardous residues 
represents a very important environmental technology, particularly treatment 
of industrial flue gases and exhaust gases from engines, due to their poUution 
of the air by NOx, SOx, soot, hydrocarbons, volatile organic compounds, etc. 
The most common methods are based on chemical reactions, pyrolytic 
combustion and different catalyst filters. Chemical filters are often used for 
treatment of flue gas from industrial and energy production. They can treat 
large throughputs of gases, but their substantial disadvantage is formation of 
byproducts (e.g., NHs, CaOa, etc.). Catalysts are regularly used for instance in 
car exhaust after-treatinent. Typical catalyst materials are based on Pt or 
different metal oxides e.g., V2O5, WO3, TiOa, ZnO, etc. Despite their simpEcily 
the catalyst filters often exhibit limited efficiency, particularly in Diesel 
engines, and strong temperature dependence. 

Contraiy to the conventional chemical and pyrolytical technologies, the gas 
discharge plasma ti-eatment often leads to apparentiy more efScient 
transformation reactions with littie or no undesirable byproducts. This is given 
by the possibilities either to achieve extremely high gas temperatures in the 
plasma, or to generate very reactive species through dissociation, activation or 
ionization of gaseous and volatile components in the plasma. Pyrolytic effect of 
plasma can be achieved for instance in atmospheric pressure arc torches at 
high powers generating large current densities in the ionized gas. These 
plasmas are called equflibriiim or tiiermal plasmas and they are characterized 
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by high coUision frequencies, which equalize energy of aU particles present. 
The energies {temperature) of electrons and ions are practicaUy the same and 
they approach the energy of neutral species in the partiaUy ionized plasma. 
The gas temperature is high, up to several thousands degrees centigrades, 
hence the term "thermal" plasma. The thermal plasma is very suitable for 
irreversible thermal treatments e.g., for combustion of solid and Hquid wastes, 
or in plasma metallurgy, etc. However, due to heating of all species evenly the 
energy consumption in thermal plasmas is typically high. At equiHbrium 
conditions the gaseous products of plasma chemical reactions are often 
unstable due to almost equivalent probability of reverse chemical reactions. 
The efficiency of tiiermal plasmas for plasma chemical ti-eatment of gases is 
therefore low in comparison with so caUed non-equiHbrium plasmas. Non- 
equilibrium plasma can be simply generated at reduced gas pressure. Then 
the frequency is lower and due to different electron and ion masses (the 
electron mass is 9.11 x IQ-^i kg, the proton mass is 1.67 x 10-27 ^g) the 
electi-ons can acquire much higher kinetic energy than ions. When tiie plasma 
is generated by a veiy high frequency electi-omagnetic field, the power is 
acquired mainly by mobile electrons, while heavy ions are not able to even 
foUow changes of the field and move only due to tiieir thermal energies similar 
to the rest of the neutral gas. This leads to the plasma in which the chemical 
reactions are very effective whUe the bulk of gas remains relatively cold. The 
non-equilibrium plasma is therefore often noted as "cold" plasma. Interactions 
of high-energy electrons vdth gas can produce extremely reactive atoms and 
radicals, which are able to generate subsequent chemical reactions not 
available at normal conditions. A very high plasma chemical activity of such 
plasmas can be utilized in different appHcations (see for instance a pioneering 
work of F.K. McTaggart: "Plasma Chemistry in Electrical Discharges", Elsevier, 
Amsterdam, 1967). However, due to necessity of pumping systems, the 
reduced and low-pressure non-equilibrium plasmas are not utilized in 
industrial scale waste treatments. 

An emerging technology in this field is non-equilibrium plasma of atmospheric 
pressure. The degree of energy non-equiHbrium is somewhat lower than in 
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low-pressiore plasmas and strongly depends on t±ie arrangement of individual 
reactors. However, the absence of pumps simplifies all systems substantially 
and in principle allows their immediate appKcation for iai^e gas throughputs. 
On the other hand the efficiency of known systems is still not high enough for 
5 their utilization in an industrial scale. The non-equilibri\im conditions at 
atmospheric pressure can be achieved in several ways. The most direct way 
is an injection of an electron beam into the gas. A serious disadvantage of 
the method is that it acts only in a limited space and that the penetration 
depth of the beam at atmospheric pressure is rather short. Moreover the 

10 electron gun system is quite complicated and expensive and it does not show 
satisfactory energy efficiency. The more common way of generation of the 
non-equilibrium plasma is a high voltage breakdown of the gas in form of 
many filamentary current channels - plasma streamers. A typical 
representative is corona discharge between a sharp edged or sharp tipped 

15 electrode (cathode or anode) and the grounded covmter electrode. At a high 
frequency generation (orders of 1 kHz up to more than 1 MHz) and high 
voltage (10 - 30 kV), the counter-electrode may be covered by a dielectric 
wall (barrier) and then the system works with a barrier (also "silent") 
discharge. The generation of local current streamers in the systems 

20 mentioned above provides local non-equilibrium plasmas when the rest of 
the gas remains "cold". A great advantage found in coronas and barrier 
discharges is a pulsed generation, for instance see U.S. Patent No. 5,603,893 
to M. Gunderson et al (1997). The high power pulse allows quick pumping of 
the power into the streamers causing strong non-equilibrium plasma usually 

25 at the beginning of the pxilse with the relaxation into the equilibrium 
conditions depending on both the pulse shape and the duty cycle. Althoxigh 
all these systems in both stationary and pulsed regimes are very advanced, 
the region where the gas interacts with streamers is not dense enough or of 
sufficient volume (bulk) for treatment of all the gas passing the reactor zone. 

30 Both the corona and barrier discharges can be used for treatment of 
surfaces, but their efficiency is qmte low. Moreover, the formation of plasma 
streamers may cause undesirable local damages of the treated surfaces. 
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Another very sophisticated reactor is composed from an axial system of at 
least one pair (typically three pairs) of knife sharp electrodes facing each other 
by sharp edges and connected to the high voltage generator, see for instance 
French patent No. 2639172 (1988) to H. Lesueiir et aL. Arc streamers between 
5 related electrodes are gliding over the sharp edges between opposite electrodes 
and also around the axial system of electrodes following the phase movement 
in a 3-phase generator. 

Generation of bulk atmospheric pressure non-equilibrium plasma is possible 
10 by microwave power. This type of generation is based on veiy high frequency 
(typically 2.45 GHz and more) connected with the pumping of power directly 
into electrons. Although the advantage of microwave systems is a denser 
plasma volume than in the case of streamers, substantial disadvantages are 
low efficiency and short lifetime of microwave generators and limited plasma 
15 dimensions (related to the size of the wave-guide). Therefore, in spite of their 
discrete streamer character the most serious candidates considered for 
industrial atmospheric pressure plasma treatment of gas are still the pulsed 
corona, pulsed barrier discharge and the gliding arc. 

20 Non-equilibrium plasma vrith very high degree of activation can be generated 
at reduced pressures by hollow cathodes. Since their discovery by F. Paschen 
in 1916, the hollow cathodes have been used for quite a long time as the 
sources of intense light for atomic spectroscopy. Experiments of Litde and von 
Engel in 1954 revealed clearly the principle of an exceptionally high plasma 

25 density and activation in hollow cathodes through so called "hollow cathode 
effect". This effect is based on a special geometry in the cathode, where the 
opposite walls have the same electric potential with respect to a common 
anode. In a direct current pC) arrangement of the diode gas discharge the 
cathode wall is covered by cathode dark space in which electrons emitted from 

30 the cathode surface are accelerated towards the anode. In the suitable "hollow 
geometry" when the cathode fall regions of opposite cathode surfaces are close 
to each other, the emitted electrons can meet the opposite region with the 
equal opposite electric field of the cathode fall region. Electrons are therefore 
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repeUed back and undergo osciUations called a "penduliim electron motion". 
This kind of motion leads to confinement of electrons and intensifies their 
interactions with the gas present in the hollow cathode, which promotes 
dramatically overaU efficiency of the ionization and subsequent effects, 
5 terminating in a very high density active plasma. HoUow cathodes are capable 
of production of electron beams having energies comparable to the cathode fall 
potential and, moreover, their extraordinary abilities are already known also 
for generation of different plasma chemical reactions in gases for applications 
mainly in siarface processing. Moreover, due to non-Maxwellian energy 
10 distributions and existence of high energy electron popiilations the hollow 
cathode discharge emits an intense radiation in UV (< 300 nm) and VUV {<, 
200 nm) regions capable to breakdown most chemical bonds and to induce 
different photochemical reactions. 

15 Compared to the DC generation of the hollow cathode, an alternating cturent 
(AC) and particularly a radio frequency (RF) generation provides a number of 
advantages. In this case the most positive body in the system is the gas 
discharge plasma outside the cathode. This plasma can substitute a "virtual 
anode" and is naturally flexible with respect to any cathode geometry. As a 

20 consequence, the hollow cathode behaves as a unipolar discharge (see e.g. L. 
Bardos et aL, Thin Solid Films 1987, or recent reviews by L. Bardos et aL, 
Surf. Coat. TechnoL 1996 and 1997). The AC generation has also an 
important thermal stabilizing effect. 

25 To satisfy conditions for the hollow cathode effect the distance between the 
opposite walls in the cathode must be in suitable relation with the thickness 
of the cathode fall, or the space charge sheath in the RF case, to enable the 
electron exchange. One of the most important parameters is the gas pressure, 
which affects both the thickness of the cathode regions and the electron 

30 recombination by collisions. Therefore the hollow cathodes are operated 
typically at reduced pressures, below the order of 10 Torr. Very recentiy the 
cylindrical closed end DC molybdenxxm hollow cathodes with diameters below 
0.1 mm were reported to work at air pressures of 350 Torr « 50 kPa (K.H. 
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Schoenbach et al., Appl. Phys. Lett. 1996). Siimlar DC cathodes with 
diameters of 0.2 - 0.4 ram and 0.5 - 5 mm in depth were reported to sustain 
the nitrogen discharge even beyond the atmospheric pressure {> 750 Torr « 
100 kPa), see J.W. Frame et al, Appi. Phys. Lett, 1997. Atmospheric pressure 
5 xenon discharges were generated in a 0.1 mm diameter do hoUow cathode by 
A. Al-Habachi and K.H. Schoenbach (Appl. Phys. Lett. 1998]. These DC hoUow 
cathode discharges were able to produce intense UV and VUV excimer 
emissions. A similar electrode system, consisting of a microholiow electrode 
system (Mo foils separated by alumina) and an additional electrode with 

10 variable distance from the anode was reported. However, a limiting factor of 
power density did prevent generating large volume plasmas by 
superimposing microhoUow cathode discharges through parallel operation 
(R. H. Stark and K. H. Schoenbach, Appl. Phys. Lett., 1999). Arrays of the 
closed end micro-hollow cathodes have been used in UV lamp applications, 

15 see U.S. Patent No. 5,686,729 (1995) to K.H. Schoenbach et al. 

No works, arrangements or results have yet been found published regarding 
the utilization of hollow cathodes for treatment of a flowing gas or for 
passivation of polluting and toxic gas mixtures neither at atmospheric 
20 pressure nor at reduced pressures. Moreover there are no works known yet 
reporting on AC generated hollow cathodes or related reactors for this purpose 
at atmospheric pressure. 

SUMMARY 

25 An object of present invention is therefore to overcome the drawbacks of the 
above described prior art techniques and to provide a method and an 
apparatus for plasma treatment of gas, particularly for transformation, 
passivation and stabilization of pollutii^ and toxic admixtures and for plasma 
treatment of surfaces at gas pressures exceeding 100 Torr, applying plasma 

30 treatment of gas. 

In a first aspect according to the present invention, a method for plasma 
treatment of gas comprises steps of flowing a gas to be treated through a 
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hollow cathode with a hoUow cathode discharge plasma being generated by a 
generator coupled with said hollow cathode and with a coxinter electrode. The 
gas undergoes interactions with oscillating electrons in the hollow cathode 
discharge plasma generated in the gas or in a mixture of the gas and an 
auxiliary gas, in which the auxiliary gas intensifies an ultraviolet radiation 
and/or plasma-chemical reactions. The hollow cathode discharge plasma also 
interacts with the inner walls of the hollow cathode having a temperature 
below its melting point, the inner walls may have a catalytic effect and may 
also release wall species promoting plasma-chemical reactions in the hollow 
cathode discharge plasma. After being treated in the hollow cathode discharge 
plasma the gas will be flowing out as a transformed gas. 

In a second aspect according to the present invention an apparatus is 
disclosed for plasma treatment of gas according to the method of the present 
invention, particularly for transformation, passivation and stabilization of 
polluting and toxic admixtures. The apparatus comprises generator means, 
particle filter means, solid state catalyst means and the means for heating 
and/ or cooling. The apparatus consists of at least one hollow cathode 
connected with the means for heating and/or cooling, whereby the cathode 
has a length, which is longer than a distance between opposite walls and is 
disposed for generation of a hollow cathode discharge plasma by means of the 
generator coupled with the hollow cathode and a counter electrode. The 
coimter electrode is disposed as an inlet of a gas to be treated in the hollow 
cathode discharge plasma generated in the gas or in a mixture of the gas and 
an auxiliaiy gas, whereby the particle filter is connected with the means 
disposed ui the coimter electrode for filtering of the gas to be treated. The filter 
is installed upstream the gas before the hollow cathode and a quenching 
electrode connected with the means for heating and/or cooling is installed 
after the hollow cathode and the soKd state catalyst for additional treatment of 
the transformed gas. 

In a further aspect the present invention the apparatus comprises an 
integrated hollow cathode system connected with a means for cathode 
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cooling or heating. The integrated system comprises at least two identical 
hollow cathodes for treatment of a flowing gas in a hollow cathode discharge 
plasma, and each hollow cathode having a length which is longer than a 
distance between opposite facing inner wails. Adjacent hollow cathodes are 
5 close enough from each other to enable interaction of their dischai^e 
plasmas. A substrate holder with substrates is connected to a means for 
substrate cooling or heating and installed against the integrated hollow 
cathode system. The substrates facing the outlet of the integrated hollow 
cathode system are then in contact with a transformed gas. The transformed 
10 gas is interacting with the substrates. Further a generator is connected to 
the integrated hollow cathode system and to an auxiliary source biasing the 
substrate holder with substrates and/or to a counter electrode. The flowing 
gas is entering a gas distributor installed at the integrated hollow cathode 
system for uniform distribution of gases into individual hollow cathodes. 

15 

The characteristics of the present method are set forth by the independent 
claim 1 and a further embodiment is set forth by the dependent claim 2, while 
the characteristics of a apparatus for treatment of gas according to the 
present invention is set forth by the independent claim 3 and further 
20 embodiments are set forth by the dependent claims 4 to 11. An apparatus for 
plasma treatment of surfaces is set forth by the independent claim 12 and 
further embodiments of the apparatus are set forth by the dependent claims 
13 to 19. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

The objects, features and advantages of the present invention as indicated 
above wUl become apparent from the description of the invention given in 
conjimction with the appended drawings, wherein: 

30 Fig. 1 is a schematic representation of the method for plasma treatment of 
gas, particularly for transformation, passivation and stabilization of 
polluting and toxic admixtures according to the present invention; 
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Fig. 2 is a schematic view of an embodiment of an apparatus for plasma 
treatment of gas, particularly for transformation, passivation and 
stabilization of polluting and toxic admixtures according to the 
method described in the present invention; 

Fig. 3 is a schematic representation of a second embodiment of the 
apparatus according to the present invention; 

Fig. 4 demonstrates different geometries of integrated systems of hoUow 
cathodes for treatment of gas in apparatus according to the present 
invention; 

Fig. 5 shows in a schematic view a cross section of an integrated system of 
cylindrical hollow cathodes aligned with a complementaiy system 
forming cathode terminations with sharp edges for enabling 
initiation and maintenance of the hollow cathode discharge plasma; 

Fig. 6 shows in a schematic view a cross section of an integrated system of 
hollow cathodes with conical forms aligned with a complementary 
system having a set of sharp cones centered in the hollow cathodes 
for enabling initiation and maintenance of the hoUow cathode 
discharge plasma; 

Fig. 7 shows in a schematic view a cross section of an integrated system of 
hollow cathodes with opposite system of sharp tips arranged at a 
quenching electrode for enabling initiation and maintenance of the 
hollow cathode discharge plasma; 



Fig. 8 

30 



shows in a schematic view an integrated system of hollow cathodes 
with a particle filter arranged as a counter electrode; 
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Fig. 9 shows in a schematic view an apparatus according to the present 
invention where a transformed gas is used for subsequent treatment 
of surfaces. 

Fig. 10 demonstrates examples of the integrated system of hollow cathodes 
from sheaths and grids, for the apparatus according to the present 
invention; 

Fig. 11 is a schematic view of an embodiment of an apparatus for 
treatment of planar substrates according to the present invention, 
with a shielding against the ambient atmosphere; 

Fig. 12 shows in a schematic cross sectional view of a first example of an 
apparatus for inside treatment of hollow substrates, according to 
the present invention; and 

Fig. 13 shows in a schematic view of a second example of the apparatus 
for inside treatment of hollow substrates, according to the present 
invention. 

DETAILED DESCRIPTION 
Referring to Fig. 1, the method according to the present invention will be 
described. A gas 1 to be treated is flowing through a hollow cathode 2 with a 
hollow cathode discharge plasma 3 generated by a generator 4 connected to 
the hollow cathode and with a counter electrode 5. The gas 1 undergoes 
interactions with oscillating el«;trons 6 in the hollow cathode dischai^e 
plasma. The plasma is generated in the incoming gas to be treated or in a 
mixture of this gas with an auxiliary gas 7. The auxiliaiy gas could be 
admitted for intensifying an ultraviolet radiation and/or plasma-chemical 
reactions. Typical example may be an excimer (excited dimer) gas, which 
forms a slightly bound excited molecular state of complexes that do not 
possess a stable ground state. Besides halogen dimers, for example iodine, k, 
or chlorine, Cb, also noble gases like xenon, Xe, or argon, Ar, or their 
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mixtures can be used to form excimer complexes in plasma state (see B. 
Geliert and U. Kogelschatz, Appl. Phys. B 52, 1991). The excimer gas causes 
excimer radiation typically in UV or VUV regions originated inside the hollow 
cathode discharge plasma. This radiation may be capable to destroy most 
chemical bonds and the auxiliary gas can therefore play the role of an "in-situ" 
gas catalyst in the hollow cathode dischai^e plasma, during the treatment of 
the gas. The hollow cathode discharge plasma interacts with the inner walls 8 
of the hollow cathode, which may become hot due to ion bombardment and 
must be kept below its melting temperature. The surface of inner walls may 
have a catalytic effect if the cathode material or a wall coating is properly 
selected. Typical catalytic material is platinimi, Pt, but also other metals and 
oxides may be selected, depending on expected catalytic effect. Due to ion 
bombardment the inner walls of the hollow cathode may also release wall 
species 9 promoting plasma-chemical reactions in the hollow cathode 
discharge plasma. This type of catalysis can be very important in an overall 
efficiency of the gas treatment in the hollow cathode discharge plasma 
according to the present invention. After being treated in the hollow cathode 
discharge plasma the gas is flowing out as a transformed gas 10. 

Referring to Fig. 2, an embodiment of the apparatus for plasma treatment of 
gas according to the method described in the present invention wiU be 
described. At least one hollow cathode 2 is used and connected to the means 
20 for heating and/or cooling and has a length 1 1 longer than a distance 12 
between opposite walls 8. A suitable ratio between this length 11 and the 
distance between the walls 8 (width) should exceed a factor of two. The 
appropriate width of the cathode coiald preferably be less than 1 mm. Walls 8 
could either be composed of or coated by a catalyst material. The cathode is 
disposed for generation of a hollow cathode discharge plasma 3. The plasma is 
generated by a generator 4 connected to the hollow cathode and a counter 
electrode 5, whereby the counter electrode could favorably serve also as an 
inlet of a gas 1 to be treated. Althoi^ both DC and AC generators can be 
used, for the purpose of this invention an AC generator should provide power 
of high frequency. Higher frequencies, for instance radio frequencies up to 100 
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MHz, are favorable for generation of non-eqioiiibrium piasma, in which only 
electrons are capable to follow changes of the field and absorb its energy. 
Pulsed power is also suitable for generation of non-equiUbrium chemicaUy 
active plasma. The hoUow cathode discharge plasma is generated either in the 
5 gas to be treated or in a mixture of this gas and an auxiliary gas 7. The 
particle filter 15 can be mstalled in the counter electrode and is disposed for 
mechanical filtering of the gas 1. The particle filter is connected with the 
means for heating and/ or cooling. Preheating of the gas by the filter can 
favorably enhance chemical reactions during the gas treatment in the hollow 

10 cathode discharge plasma. A quenching electrode 13 is installed downstream 
the gas after the hollow cathode. The quenching electrode is disposed to slow 
down chemical reactions in the gas flowing after treatment in the hollow 
cathode discharge plasma and to stabilize a part of resulting products. The 
temperature of the quenching electrode is very important and the electrode is 

15 therefore connected to the means for heating and/or cooling. The solid state 
catalyst 14 is disposed for additional tireatinent of tiie ti-ansformed gas flowing 
from the hollow cathode discharge plasma. A parameter detector system 18 
may be instaHed for detection of parameters of tiie hoUow cathode discharge 
plasma, for instance through an optical emission. The detector can be used 

20 through a suitable feedback electronics circuitry for control of the generator 4. 
Moreover an outlet parameter detector system 19 installed in the transformed 
gas 10 can be used in similar way for control of the generator 4. Both 
detectors can be used in an advanced arrangement also for control of the 
optimal temperature of the particle filter, the hollow cathode and tiie 
25 quenching electirode, respectively. The treatment of the gas 1 in the hollow 
cathode discharge plasma 3 may be enhanced by a magnetic field generated 
by magnets 21. 

By means of Figures 4 to 9 a number of embodiments for the present 

30 apparatus will be discussed. 

Referring to Fig. 4 a first example will be described, which is related to the 
method and the apparatus according to the present invention shown in Fig. 1 
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and Fig. 2. The schematic figure shows different suitable geometries of 
integrated systems 22 of hoUow cathodes 2 for treatment of gas. Fig. 4(a) 
shows cylindrical system with an array of cylindrical hollow cathodes. Fig. 4(b) 
shows a rectangular system of rectangular hollow cathodes. Note that such a 
geometry may be assembled as a multi-layer system of metal grids or sheets. 
Fig. 4(c} shows the cylindrical system with an array of parallel linear hollow 
cathodes. Fig. 4(d) shows rectangular system with parallel rectangular hollow 
cathodes. Fig. 4(e) is a cylindrical system with concentric hollow cathodes. Fig. 
4(f) is a cylindrical system with an inserted structure made from planar metal 
foil and wrapped metal foil placed on top of each other and rolled into cylinder 
shape, and finally Fig. 4(g) is a system of hexagonal hoUow cathodes. 

Referring to Fig. 5 an embodiment will be described, which is related to the 
method and the apparatus according to the present invention. A schematic 
figure shows a cross section of an integrated system 22 of cylindrical hollow 
cathodes aligned with a complementary system 23 forming cathode 
terminations with sharp edges. Both systems may be fabricated and aligned 
by standard methods of micro-mechanics. The shaip edges enhance 
generation of the discharge at high gas pressures, for instance by forming of 
corona or a plasma torch, which enables initiation and maintenance of the 
hollow cathode discharge plasina. 

Referring to Fig. 6, another embodiment will be described, which is related to 
the method and the apparatus according to the present invention. The 
schematic figure shows a cross section of an integrated system 22 of hollow 
cathodes 2 with conical forms aligned with a complementary system 23 with a 
set of sharp cones centered in the hollow cathodes 2. Both systems may be 
fabricated and aligned by standard methods of micro-mechanics. The sharp 
cones produce high intensity of electric field and enable initiation and 
maintenance of the hollow cathode discharge plasma. 

Referring to Fig. 7, still a further embodiment will be described, which is 
related to the method and the apparatus according to the present invention. 
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The schematic figure shows a cross section of an integrated system 22 of 
hoUow cathodes 2 with an opposite system of sharp tips 25 arranged at the 
quenching electrode 13. The quenching electrode in this example is arranged 
as a coiinter electrode connected to a counter pole of the generator 4. A high 
voltage appUed between each tip 25 and the edges of an opposite facing hoEow 
cathode 2 causes gas breakdown and can generate filamentaiy discharges of a 
corona type. This discharge enables initiation and maintenance of the hollow 
cathode discharge plasma. Moreover the system can work as a hybrid plasma 
system of hollow cathode and corona discharges for treatment of the gas. The 
transformed gas 10 wiU flow through a system of holes 26 provided in the 
quenching electrode 13. 

Referring to Pig. 8, still a further embodiment of the invention will be 
described, which is related to the method and the apparatus according to the 
present invention. The schematic figure shows a simple schematic view of an 
integrated system 22 of hoUow cathodes 2 with the particle filter 15 arranged 
as a counter electrode and connected to the generator 4. It is to be noted that 
besides the cartridge 5, quenching electrode 13 (see Fig. 6) and the particle 
filter, the role of counter electrode may also have a solid state catalyst 14 
(shown in Fig. 2), or all respective components together, or their combinations. 

Referring to Fig. 9 an example of utilization of the method and the apparatus 
according to the present invention for treatment of surfaces will be described. 
The schematic figure shows a simple schematic view of an arrangement 
similar to that in Fig. 7, where the tiransformed gas 10 is a plasma activated 
gas suitable for subsequent treatment of a surface 27 facing the integrated 
system 22 of hollow cathodes 2 downstream the gas flow. In this case the 
quenching electrode 13 and the solid state catalyst (shown in Fig.2) may be 
omitted. Surface 27 may be of solid or liquid state. However a treatment of 
"gaseous surfaces" (i.e. other gases) by the transformed gas 10 from the 
apparatus according to the present invention may be considered, too. 
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The inventive method and apparatus for plasma treatment of gas, particiiiariy 
for transformation, passivation and stabilization of polluting and toxic 
admixtures is advantageous for being applied for the cleaning of large 
amounts of flue gas from industrial production, for instance, when arranged 
5 in multi-modular systems of filters. Single modules with integrated systems of 
hollow cathodes made by micro-mechanic technology or by structuring of 
metal foils are suitable for plasma exhaust after-treatment of engines like 
Diesel motors, turbines, etc. The gas treatment according to the invention can 
also be used for production of activated gas suitable for subsequent treatment 
10 of stationary or moving surfaces. Plasma filters according to the invention can 
also serve in final or integrated cleaning stages in conventional cleaning and 
filtering systems. 

Referring to Fig. 3, an apparatus for surface treatment will be described. A 

15 gas 1 to be treated is flowing through an integrated hollow cathode system 
22 comprising at least two hollow cathodes 2 with a hoUow cathode 
discharge plasma 3 at pressures exceeding 100 Torr. E^h hollow cathode 
has a length 11, which is longer than a distance 12 between opposite facing 
inner walls 8, A suitable ratio between this length 11 and the distance 

20 between the walls 8 (width) should exceed a factor of two. The appropriate 
width of the cathodes could preferably be less than 1 ram. Adjacent hollow 
cathodes should be close enough from each other to enable interaction of 
their discharge plasmas. The plasma is generated by a generator 4 
connected to the integrated hollow cathode system and to an auxiliary bias 

25 source 31 of a substrate holder 28 with substrates 29 and/ or to a counter 
electrode 5. In many cases the counter electrode and the bias source 31 can 
be omitted and the generator 4 can be connected only between the 
integrated hollow cathode system and the substrate holder with substrates 
electrically grounded. Althoi:^ both DC and AC generators can be used, for 

30 the pxirpose of this invention an AC generator should provide power of high 
frequency. Higher frequencies, for instance radio frequencies up to 100 MHz, 
are favorable for generation of non-equilibrium plasma, in which only 
electrons are capable to follow changes of the field and absorb its energy. 
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Pulsed power is also suitable for generation of non-equiHbriiim chemically 
active plasma. The gas 1 londergoes interactions with osciOating electrons 6 
in the hollow cathode discharge plasma. The plasma is generated in the 
incoming gas or in a mixture of this gas with an auxiHaiy gas 7. The 
avixiUary gas could be admitted for intensifying ultraviolet radiation and/or 
plasma-chemical reactions. Topical example may be an excimer (excited 
dimer) gas, which causes excimer radiation typically in UV or VUV regions 
originated inside the hoUow cathode discharge plasma. This radiation may 
be capable to destroy most chemical bonds and the auxiHaiy gas 7 therefore 
can play the role of an "in-situ" gas catalyst in the hollow cathode discharge 
plasma, during the treatment of the gas and it can be very important in 
treatment of SLirfaces. The hollow cathode discharge plasma interacts with 
the inner walls 8 of the hollow cathode, which may become hot due to ion 
bombardment and must be kept below its melting temperature, for instance 
by a means for heating or cooling 20. The surface of inner walls may have a 
catalytic effect if the cathode material is properly selected or coated by a 
catalyst material. Typical catalytic material is platinum, Pt, but also other 
metals and oxides may be selected, depending on expected catalytic effect. 
Due to ion bombardment the inner walls of the hoUow cathode may also 
release wall species 9 promoting plasma-chemical reactions in the hollow 
cathode discharge plasma. This type of catalysis can be very important in an 
overall efficiency of the gas treatment in the hollow cathode discharge 
plasma according to the present invention. The integrated hollow cathode 
system 22 is equipped by a gas distributor 32 to ensure eitiier uniform or 
controUed non-uniform treatment of the gas in individual hollow cathodes 
over the integrated system. After being treated in the hollow cathode 
discharge plasma the gas is flowing out as a ti-ansformed gas 10. This gas is 
used for subsequent treatment of surfaces of substrates with planar or 
hollow geometry, particularly for functionalization, activation, disinfecting, 
sterilization, drying, activated deposition of films and etching or cleaning the 
surfaces. The substrate holder with substrates is installed against the 
integrated hoUow catiiode system with tiie substrates facing the outiet of the 
integrated hollow catiiode system at a distance ensuring their contact with 
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the transformed gas. A second aimliary gas 30 can be used to carry out 
plasma-chemical reactions in the decaying plasma outside the integrated 
hoUow cathode system. The second auxiUaiy gas is entered between the 
integrated hollow cathode system and the substrates to ensure its 
interactions with the transformed gas and subsequently with the substrates. 
The substrates may be heated or cooled by a means for substrate heating 
and/or cooling 17, depending on the desired surface treatment. At 
atmospheric pressure AC operation of the apparatus, it is often possible to 
treat the plastic or paper substrates even without any intentional cooling of 
their surfaces. The apparatus according to the present invention can be used 
for treatment of large area substrates. For this purpose either the substrate 
holder with substrates and/or the integrated hollow cathode system should 
be movable with respect to each other. The treatment of gas in the hoUow 
cathode discharge plasma and subsequent surface treatment of substrates 
may be enhanced by a magnetic field. Examples of integrated hoUow cathode 
systems 22 are shown in Fig. 4. 

Referring to Fig. 10 a schematic figure shows examples of assembling of the 
integrated system of hoUow cathodes from planar sheets 33, or shaped 
sheets 34, or grids 35, or combinations of such components. The sheets and 
grids should be fabricated from electrically conductive or semi-conductive 
material. There are possibilities however, to utilize conductive or semi- 
conductive surfaces only, or conductive sheets and/or grids covered by 
insulating material (when AC type of the generator 4 is used). Also other 
combinations might be desirable, e.g. material compositions, different 
materials used for individual sheets and/or grids in the assembly of the 
integrated hollow cathode system, etc. Desired distances 12 between the 
opposite inner walls of the hollow cathodes are adjusted by shaping of these 
sheets or grids and/or by auxiliaiy inserts 36 between the sheets. The 
inserts can be used also as side terminations of the linear hollow cathodes. 

Referring to Fig. 1 1 an embodiment will be described, which is related to the 
apparatus according to the present invention, particularly for treatment of 
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large area substrates. A schematic figure shows a cross section of a 
rectangular integrated system 22 of linear hollow cathodes assembled from 
individual metal sheets with auxiliary inserts, as shown in Fig. 4(a). The 
edges of sheaths can enhance starting of the discharge at high gas 
pressures, for instance by initiating corona discharges, which enable 
initiation and maintenance of the fused hoUow cathode discharge plasma 
over the outlet of the integrated hoUow cathode system. The substrate 29 
can be moved with respect to the system 22, or vice versa. To protect the 
surface treatment by the transformed gas 10 against influence of an ambient 
atmosphere the system 22 can be equipped by a shielding 37. The second 
auxiliary gas 30 can be admitted into this shielding. 

Referring to Fig. 12, an embodiment wiU be described, which is related to the 
apparatus according to the present invention, particularly for treatment of 
hoUow substrates, for instance cylinders, tubes, pipes, etc. A schematic 
figure shows a cross section of the integrated hoUow cathode system 22 
instaUed inside a substrate with hoHow geometry 38. The conductive sheets 
33 composing hollow cathodes 2 in the integrated hollow cathode system are 
formed according to the inner geometry of the substrate. For instance a 
cylinder substrate can be treated by the integrated hollow cathode system 
comprised from circular sheets. The gases 1 and 7 are distributed by the 
distributor 32 into each individual hollow cathode i.e., between each pair of 
adjacent sheets. A magnetic field is generated by magnet means 21, for 
further enhancing the hollow cathode discharge plasma. In this example the 
magnetic means may be fulfilled by electromagnetic coil, which generates 
magnetic field perpendicular to the sheets 33 thereby enhancing oscillations 
of electrons between opposite walls of hollow cathodes. The magnetic field 
may be used also for suitable rotation and/or oscillations of the plasma 
around the integrated hollow cathode system, particularly at reduced gas 
pressures. 

Referring to Pig. 13, still a further embodiment of the apparatus according to 
the present invention, particularly for treatment of hollow substrates wiU be 
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described. A schematic figure shows the integrated hoUow cathode system 
with rectangular sheets 33 in four hollow cathodes arranged into a "cross" 
inside the substrate 38. The flowing gas 1 is admitted into hoUow cathodes 2 
through the gas distributor 32. Note that the integrated hollow cathode 
5 system can comprise a number of rectangular cathodes arranged in a "star" 
geometry. A magnetic field can be generated by magnet means 21, for 
instance by permanent magnets. To ensure a imiform treatment of the 
surface the substrate can be moved with respect to the hollow cathode 
system, or vice versa. 

10 

The inventive apparatus for plasma treatment of surfaces, particularly for 
fiinctionalization, activation, disinfecting, sterilization, drying, etching or 
cleaning the surfaces and activated deposition of films can be linearly scaled 
up for treatment of very targe area substrates. For instance an atmospheric 

15 plasma treatment of running plastic webs can be carried out by an inert gas 
(e.g., neon, argon) activated in a fused hollow cathode discharge generated 
by a linear integrated hollow cathode system across the web. Modxiles with 
integrated hollow cathode systems made by structuring or shaping of metal 
foils, or by micro-mechanic technology, are suitable not only for plasma 

20 treatment inside cylinders and tubes, but also for different rectangular and 
more complicated hollow substrates. An oscillating magnetic field generated 
by electromagnetic coils or by movable permanent magnets can be used to 
control distribution of the plasma over the substrate surface, particularly at 
sub-atmospheric gas pressures. Sub-atmospheric operation of the apparatus 

25 according to the present invention can be advantageous for special film 
deposition regimes where an enhanced sputtering and/or evaporation of the 
cathode material may be combined with the plasma-chemical processes in 
the activated gas. 

30 It will be imderstood by those skilled in the art that various modifications and 
changes may be made to the present invention without departure from the 
spirit and scope thereof, which is defined by the appended claims. 
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CLAIMS 

1. A method for plasma treatment of gas, particiilarly for 

transformation, passivation and stabilization of polluting and toxic admixtures 
at gas pressixres exceeding 100 Torr, characterized by the steps of: 

inserting a flowing gas (1) to be treated through a hollow cathode (2) 
provided with a counter electrode (5); 

generating a hollow cathode discharge plasma (3) by a generator (4) 
connected to the hoUow cathode (2), whereby the flowing gas (1) will undergo 
interactions with oscillating electrons (6) in the hoUow cathode discharge 
plasma being generated in the flowing gas; 

controlling the interaction of said hoUow cathode discharge plasma 
with inner walls (8) of the hollow cathode, the inner walls having a 
temperature below their melting point, whereby said inner walls can provide a 
catalytic effect and may also release wall species (9) promoting plasma- 
chemical reactions in the hollow cathode discharge plasma; 

exhausting the flowing gas as a transformed gas (10) after being treated 
in the hollow cathode discharge plasma. 

2. The method of claim 1, characterized by the further step of mixing 
the flowing gas (1) to be treated with an auxiliary gas (7) for obtaining a 
suitable mixing of gas, whereby the auxiliary gas intensifies ultraviolet 
radiation and/or plasma-chemic^ reactions. 

3. An apparatus for plasma treattnent of gas, particularly for 
transformation, passivation and stabilization of polluting and toxic 
admixtures, comprising generator means, particle filter means, solid state 
catalyst means and means for heating and/ or cooling, characterized in that 

the apparatus comprises at least one hollow cathode (2) cormected to a 
first means (20) for heating and/or cooling, the hoHow cathode having a length 
(11) longer than a distance (12) between opposite facing walls (8) and being 
disposed for generation of a hollow cathode discharge plasma (3) by means of 
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the generator means (4) connected to the hoUow cathode and to a counter 
electrode (5), the counter electrode further being disposed as an inlet means of 
a flowing gas (1) to be treated in the hoUow cathode discharge plasma 
generated in this flowing gas; 

the particle filter means (15) is connected to a second means (16) for 
heating and/ or cooling being disposed in the counter electrode for fUtering the 
flowing gas to be treated, the filter means being installed upstream the flowing 
gas before the hoUow cathode and a quenching electrode (13) connected to a 
further means (17) installed downstream a transformed flowing gas (10) after 
the hollow cathode and a solid state catalyst (14) for additional treatinent of 
the transformed flowing gas. 

4. The apparatus according to claim 3, characterized in that the 
flowing gas (1) entering the hoUow cathode is mixed with an auxiHaiy gas (7), 
which intensifies ultraviolet radiation and/or plasmLa-chemical reactions. 

5. The apparatus according to claim 3 or 4, chaiacterizedi by 

a parameter detector system (18) arranged for detection of parameters of 
the hollow cathode discharge plasma and for controlling the generator means 
(4); and 

an outlet parameter detector system (19) in the tiransformed flowing gas 
(10) for control of the generator means (4). 

6. The apparatus according to claim 5, characterised in that a 
magnetic field is generated by magnet means (21), for further enhancmg the 
hollow cathode discharge plasma (3). 

7. The apparatus according to any of the preceding claims, 
characterised in that at least one integrated system (22) comprising hollow 
cathodes is installed in the counter electrode (5). 
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8. The apparatus according any of the preceding claims, chazacterized 
in that the integrated system (22) is aligned with at least one complementary 
system (23) forming cathode terminations having sharp edges for enabling 
initiation and maintenance of the hollow cathode discharge plasma. 

9. The apparatus according to claim 8, characterized in that 

hollow cathodes in the integrated system have conical forms, and the 
integrated system is aligned with the complementaiy system forming sets of 
sharp cones (24) centered within the hoHow cathodes for enabling initiation 
and maintenance of the hollow cathode discharge plasma. 

10. An apparatus according to any of the preceding claims, 
characterized in that 

a quenching electrode (13) is provided by means of sharp tips (25) 
opposite facing the hollow cathodes and enabling initiation and maintenance 
of the hollow cathode discharge plasma; 

the quenching electrode (13) further is provided with holes for a gas 
outflow (25); and 

the quenching electrode is coimected to the generator means. 

U. An apparatus according to any of the preceding claims, 
characterized in that the particle Slter means (15) is coupled to the generator 
means (4) to serve as a counter electrode together with or instead of the 
coimter electrode (5). 

12. An apparatus for plasma treatment of surfaces at gas pressures 
exceeding 100 Torr applying plasma treatment of gas, comprising a 
generator, means for cooling or heating, a substrate holder and substrates, 
characterized in that: 

an integrated hollow cathode system (22) connected with a means 
for cathode cooling or heating (20) comprises at least two identical hoUow 
cathodes (2) for treatment of flowing gas (1) in a hoUow cathode discharge 
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piasma (3), each hoUow cathode having a length (11), which is longer than a 
distance (12) between opposite facing inner waJls (8) and adjacent hoUow 
cathodes are close enough from each other to enable interaction of their 
discharge plasmas; 

a substrate holder (28) with substrates (29) connected to a means 
for substrate cooling or heating (17) is installed against the integrated hollow 
cathode system, the substrates facing the outlet of the integrated hoUow 
cathode system are in contact with a transformed gas (10), whereby the 
transformed gas, which has been treated in the hollow cathode discharge 
plasma by oscillating electrons (6) and by interactions with inner walls and 
wall species (9), interacts with the substrates; 

a generator (4) is connected to the integrated hollow cathode 
system and to an avtxiHary source (31) biasing the substrate holder with 
substrates and/ or to a counter electrode (5) and the flowing gas enters a gas 
distributor (32) installed at the integrated hoUow cathode system for 
obtaining uniform distribution of gas into individual hollow cathodes. 

13. The apparatus according to claim 12, characterized in that the 
flowing gas, which enters the integrated hollow cathode system, is mixed 
with a first auxiliary gas (7), which intensifies plasma-chemical reactions. 

14. The apparatus according to claim 13, characterized in that a 
second auxiliary gas (30) is entered between the integrated hollow cathode 
system and the substrates and interacts with the transformed gas and the 
substrates. 

15. The apparatus according to claim 12 and 14, characterized in 
that the integrated system of hollow cathodes constitutes electrically 
conductive or semi-conductive planar sheets (33), or shaped sheets (34), or 
grids (35), or combinations of such components and that the desired 
distances between the opposite inner walls of hollow cathodes are adjusted 
by shaping of these sheets or grids and/or by auxiliary inserts (36). 
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16. The apparatus according to claim 15, characterized in that the 
transformed gas flowing from the integrated system of hollow cathodes is 
shielded by a shielding (37) against the ambient atmosphere. 

17. The apparatus according to claim 16, characterized in that the 
integrated hoUow cathode system is installed inside a substrate with hoUow 
geometry (38) and the conductive sheets constituting hoUow cathodes in the 
integrated hoUow cathode system are formed according to the inner form of 
the substrate. 

18. The apparatus according to claim 17, characterized in that a 
magnetic field is generated by magnet means (21), for further enhancing the 
hollow cathode discharge plasma (3). 

19. The apparatus according to claim 18, characterized in that the 
substrate holder with substrates and the integrated hollow cathode system 
are movable with respect to each other. 
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Fig. 3 



wo 00/65887 



PCT/SEOD/00791 



4/13 




Fig. 4 



wo 00/65887 



5/13 



PCT/SEOO/00791 
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